Pathogenic RYR2 variants account for ≈60% of clinically definite cases of catecholaminergic polymorphic ventricular tachycardia. However, the rate of rare benign RYR2 variants identified in the general population remains a challenge for genetic test interpretation. Therefore, we examined the results of the RYR2 genetic test among patients referred for commercial genetic testing and examined factors impacting variant interpretability.
C
atecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited arrhythmia condition estimated to affect 1 in 10 000 individuals. 1 Classically, CPVT manifests as exercise-induced or emotional stress-induced bidirectional or polymorphic ventricular tachycardia leading to syncope, seizures, or sudden cardiac death in the setting of a structurally normal heart. 2 With reported mortality rates as high as 30% to 50% by age 35 years, early identification of those at risk for this potentially lethal disorder is critical. 3 Pathogenic variants in the cardiac ryanodine receptor gene (RYR2) are responsible for ≈60% of clinically definite CPVT. 4 Although the discovery of CPVT mutation hotspots originally led to targeted genetic screening, 5 recent advances in sequencing technology have now enabled cost-effective screening of the total 105 RYR2 coding exons. The RYR2 genetic test for CPVT is considered to be one of the most robust cardiac genetic tests, 6 resulting in guidelines recommending genetic testing for any patient in whom a cardiologist clinically suspects CPVT along with subsequent cascade screening in family members. 7 Although early genetic testing considered variants absent in 50 to 400 controls sufficient to suggest pathogenicity, 8 it has become increasingly recognized that benign rare variants occur more often than previously anticipated. For RYR2 screening, ≈3% of ostensibly healthy individuals carry a rare protein-altering variant. 4 This genetic noise introduces uncertainty in positive test results. Consequently, RYR2 genetic testing may be hampered by interpretive ambiguity, leaving the caring physician with the dilemma of how to manage a family whose genetic test result is returned with the finding of a variant of uncertain/unknown significance. 8, 9 Therefore, there is a critical need for clarification of domain-related pathogenicity and RYR2 variant interpretation algorithms in an effort to distinguish true pathogenic CPVT-causing variants from rare variants of inconsequential clinical significance. 7 Previous attempts at enhancing variant interpretation using protein topology-driven estimated predictive values (EPVs) concomitantly with in silico phenotype prediction algorithms have been successful in the major long-QT syndrome genes (KCNQ1, KCNH2, and SCN5A). [10] [11] [12] In an effort to improve the diagnostic interpretation of rare RYR2 variants, the goal of this study was to evaluate the results of the RYR2 genetic test among patients referred for commercial genetic testing and potential impacts on interpretability.
METHODS
The data, analytic methods, and study materials will be made available to other researchers on request for purposes of reproducing the results or replicating the procedure.
Samples
A total of 1200 unrelated and suspected CPVT patients were referred for the FAMILION CPVT clinical genetic test (Transgenomic, New Haven, CT) (referrals) between November 2009 and November 2014. Samples were accepted for genetic testing and included in this retrospective analysis regardless of the level of clinical suspicion or the motivating factor for submission by the caring physician. This retrospective, institutional review board-approved analysis is derived from deidentified data. The only available clinical variables were sex, ethnicity, and age at genetic testing.
In addition, 155 well-phenotyped cases were evaluated/ assessed by either A.A.M.W. or M.J.A. and included 78 cases classified as strong CPVT and 77 cases classified as possible CPVT. The strong cases were defined as those with a history of exertional syncope with documentation of exercise-related bidirectional or polymorphic ventricular tachycardia. The possible cases were defined based on a history of exertional syncope and stress test-induced ventricular ectopy or exercise-induced cardiac events and a QTc ≤480 ms (further details can be found in
Clinical Perspective
Tragically, catecholaminergic polymorphic ventricular tachycardia (CPVT) is a recognized cause of sudden cardiac death in the young, making its timely and accurate diagnosis of the utmost importance. As CPVT patients have a normal ECG at rest, unless clinical suspicion prompts a stress test, CPVT often eludes discovery. The advent of the RYR2 genetic test and the recognition that ≈60% of definite CPVT cases host a pathogenic variant in RYR2 resulted in the strongest genetic testing recommendations from the most recent consensus statement. Unfortunately, as suggested by this study, there has been increased utilization of CPVT genetic testing among weaker and weaker cases. Furthermore, despite the RYR2 genetic test having one of the highest signal-tonoise characteristics among cardiac genetic tests, many factors have been identified, compelling a word of caution. The identification that a handful of rare variants account for nearly 50% of the genetically identified CPVT cases suggests that the next new variant does not warrant the diagnostic stringency suggested by the consensus statement. Although targeted testing of hotspots has long been recognized, the expansion of the test to include all RYR2 exons has not resulted in an enhancement of the test but rather has increased the background genetic noise further, hampering test interpretation. This study suggests that RYR2 genetic test results must be scrutinized carefully, especially when (1) the test is performed in cases with weaker diagnostic certainty and (2) a novel RYR2 variant is identified, especially if it localizes outside of the refined hotspot regions.
the Data Supplement). For comparison, the spectrum and prevalence of rare RYR2 variants identified in the online database of next-generation sequencing results from the Exome Aggregation Consortium (ExAC; n=60 706; http://exac.broadinstitute.org) were assessed. Demographic information for the cohorts is detailed in Table 1 . The Sanger-sequenced control cohort consisted of 627 additional, unrelated, ostensibly healthy subjects.
For the purpose of this study, all variants predicted to alter the protein (missense canonical splice site, in-frame and frame-shift insertion or deletion, and nonsense) were identified and considered for analysis. Given the low prevalence of CPVT, only those variants with an ExAC minor allele frequency (MAF) <0.01% (1 in 10 000 alleles) were denoted rare and declared eligible as a positive test result in the analyses performed within this study. Table I in the Data Supplement shows the breakdown of the genotyping method and the exons covered for each of the patient and control cohorts.
In Silico Phenotype Prediction Analyses
To assess in silico predictive tools, we used 6 in silico tools (CADD [Combined Annotation Dependent Depletion], Grantham, MutationAssessor, Phylogenetic analysis, PolyPhen2, and Sorting Tolerant From Intolerant). The predictions from each tool were assessed individually. Details on the methods used for the in silico tools are further described in the Data Supplement.
Statistical Analysis
Statistical analyses were performed using Fisher exact test or a Student t test when appropriate, with a threshold of significance set at P<0.05, unless otherwise specified. Statistical summaries were displayed as mean±SD unless otherwise specified. For the purposes of this study, we define the term yield to be equivalent to the screen positive rate of tested subjects in a given cohort (ie, the proportion carrying at least one of a subset of rare variants under consideration to be putatively pathogenic). We then define the background rate of the genetic test to be the yield of the ExAC cohort. To estimate the likelihood of disease pathogenicity for a specific set of variants, we applied a modification of the positive predictive value, which is the conditional probability of a true genetic diagnosis given a positive test result. Assuming that the prevalence of benign variation is the same for patient and control populations and that all variants found in controls are benign (a reasonable assumption considering the low occurrence, 1 in 10 000 people, of CPVT, and high penetrance of CPVT variants), 6 the difference in yields between patients and controls is approximately equivalent to the yield of truly pathogenic variants among patients. We calculated the EPV as (case yield−control yield)/case yield. We also calculated the 95% confidence intervals for these probabilities, using the formula confidence interval=1−1/(e^{ln (RR)±z*[SE(log RR)]}), where RR represents the relative ratio of the yield in cases over the yield in controls. 11 The corresponding false discovery rate (FDR), equivalent to 1−positive predictive value, is the probability of a false-positive genetic diagnosis given a positive screening result and calculated herein as 1−EPV.
Exon Burden Test
A Fisher exact test was conducted to compare the yield per exon between ExAC controls and either CPVT referral patients or the 155 previously published cases. The referral patients vary in exon coverage per the evolving design of the assay (range in sample size, 253-1200), resulting in differential power across the exons. To mitigate this bias, we adopted a stratified FDR 13 approach to type I error control whereby FDR within exon strata formed by shared sample size is controlled at level of 0.05 based on the Benjamini-Hochberg procedure.
14 Standard FDR control at the same level was applied for analyses of the phenotyped CPVT case results.
RESULTS

Summary of Cohort Yields
In total, 218 of 1200 individuals (18.2%) submitted for commercial testing had a rare variant in RYR2. The yield in this referral cohort (18.2%) was significantly lower than the 59.0% (46/78) yield among the phenotypically strong CPVT cases (P=1.8×10 −14 ) and the 31.2% (24/77) yield derived from possible CPVT cases (P=0.007). How- Table II in the Data Supplement. Although sex and ethnicity were not associated with yield, the age at genetic testing was significantly different between screen-positive (20±14 years) and screen-negative referral patients (33±19 years; P=7.8×10 −20 ). A striking difference in yield between referrals <18 years of age, between 18 and 35 years of age, and older than 35 years again highlights the impact of phenotype on RYR2 genetic test interpretation ( Figure 2 ; Results in the Data Supplement).
To validate the ExAC background rate that was derived by whole exome sequencing, the yield among the ExAC exomes was compared with the yield among 627 Sanger-sequenced controls and was found to be similar, although underpowered to detect small differences ( Figure I in the Data Supplement). In addition, there were no significant differences in yield between ethnic groups in the ExAC exomes, with yields ranging from 2.6% to 4.2%. Therefore, the overall ExAC yield of 3.2% was used as the frame of reference for all analyses within this study.
Given the overrepresentation of rare variants in cases, the EPV for identified RYR2 rare variants was high for all case cohorts examined; however, the EPV estimate in strong cases (95% [94-96]) was significantly higher than the possible cases (90% [86-92]). It is possible that certain disease cohorts present in ExAC (eg, early-onset myocardial infarction) may be enriched with unrecognized CPVT cases, leading to an inflated background rate and downwardly biased EPV estimates. To investigate the potential impact of true CPVT cases present in ExAC, we conducted sensitivity analyses under a spectrum of latent ExAC CPVT case fractions (range, 0.00%-1.00%), presented in Figure II in the Data Supplement. Results remained largely unchanged for realistic case frequencies. In addition, demographic differences may also contribute to yield. These results indicate overall robustness of our EPV estimates to various violations of assumptions. Given variation in ethnic frequencies of rare variants, all EPVs were also calculated using only White ExAC exomes given the White predominance of the CPVT cases (Table III in 
Longitudinal Patterns of Referral Yield
As the referral group was screened through an expanding number of exons over the development of the test, the yield among the 38 exons screened through all referral patients was examined. The 38 exon yield fell from 25.0% for the first 300 referrals to 9.7% for the last 300 referrals (P=8.7×10 −7 ; Figure 3 ). The average age at genetic testing also rose from 27±16 years for the first 300 patients to 34±20 years for the last 300 (P=0.004).
Identification of Near-Definite Pathogenic Variants
A total of 201 rare variants (Table IV in the Data Supplement) were identified among the patient and refer- ral groups, the majority of which were identified in a single subject (Figure 4) . Meanwhile, 36 variants were identified across multiple patients and absent among the ExAC exomes (Table 2 ). Although these 36 overrepresented variants (ORVs) account for 17.9% of the total rare variants identified, they account for 41.0% (118/288) of the positive genetic tests.
In an effort to identify the pathogenicity of a novel variant in RYR2, these 36 ORVs were removed and the yields were recalculated. The updated yields were nearly halved for all patients cohorts: 35.9% (28/78) for strong cases, 16.9% (13/77) for possible cases, and 11.2% (134/1200) for the referral group. Despite the reduction in overall yield, the EPV for a rare variant identified among strong cases remained high at 91% (89-93). However, for the rare variants identified among cases without a robust clinical phenotype, the EPV estimate was lower than originally calculated (possible: 81% [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] ). This would suggest that without a strong clinical phenotype, the next novel RYR2 variant has ≈1 in 5 chance of being a false positive, whereas with a strong phenotype, this FDR would be ≈1 in 10. This is summarized in Figure 5 . As the ORVs carry an intrinsically high likelihood of pathogenicity by themselves, it is clear that improvements in interpretation must be achieved for the next novel variant. Therefore, the 36 ORVs were removed from the following analysis unless otherwise indicated.
Regional Analysis of the Yield of Rare Variants
As the RYR2 genetic test has expanded from a targeted test to now interrogating the entire coding region, we assessed the yield of rare variants inside and outside of the previously defined hotspot regions (exons 3-15, 44-50, 83-90, and 93-105). 5 The yield in the hotspot regions was, respectively, 30.8% (24/78), 16.9% (13/77), and 8.8% (105/1200) for the strong case, possible case, and referral cohorts. Outside of the hotspot regions, the yields were 6.4% (5/78), 0% (0/77), and 2.6% (31/1200), respectively. The hotspot yield of 1.1% (650/60 706) among the ExAC controls was significantly lower compared with all patient cohorts; however, the 2.1% (1271/60 706) ExAC yield outside these regions was only statistically lower than the yield among the strong cases.
In addition, the yield among the patients and the controls in individual exons was compared ( Figure 6 ). Significant yield differences were found in 8 exons (3, 8, 14, Number of patients hosting each variant shown in parenthesis.
our enrichment analyses, whereas 2 additional exons were discovered outside these regions. Complete yield results for each exon are shown in Table V in the Data Supplement.
Using this updated regional analysis, the EPVs were recalculated. In the strong cases, the yield in these 21 identified exons was 30.8% (24/78), whereas outside these exons, the yield was 6.4% (5/78). Given the yields in the ExAC exomes of 0.63% (385/60 706) and 2.5% (1536/60 706), respectively, the EPV for the next novel variant localizing to one of these 21 exons rises to 98% (97-98) and falls to 61% 
Differentiation of Patient-Derived Variants Versus Control-Derived Variants Using In Silico Tools
Functional impact predictions from 6 in silico tools were assessed for their ability to distinguish patient-derived from control-derived rare RYR2 variants. Among these tools, only the Grantham values were not significantly associated with variant status and therefore were not considered in subsequent analyses. These results are shown in Table 3 . In an effort to further validate the in silico predictions, we examined the predictions for ORVs compared with ExAC variants with an MAF >0.01% (Table VI in the Data Supplement). Although these predictions performed slightly better, they were not statistically different than the overall predictions for patient-versus control-derived variants. In addition, when the referral cohort was assessed individually, the in silico predictions were found to be indistinguishable from the well-phenotyped cohorts (Table VII in In an effort to identify the yield of new rare variants, statistically overrepresented variants (ORVs) were removed and the yields were recalculated for the remaining rare RYR2 variants. The red dotted line represents the 3.2% background rate of rare variants identified in the Exome Aggregation Consortium (ExAC) exomes. The estimated predictive value (EPV) is provided within the column for each cohort. The P values for comparisons, indicated by each bar, are provided above the bar. *P<1.0×10 −6 for the comparison to the ExAC background rate of rare variants. Supplement). Therefore, we used the predictions for all patient-or control-derived variants for further analyses.
Given evidence of localization of patient-derived variants to particular exons, we examined whether the in silico algorithms were able to enhance the interpretation within or outside of these 21 identified exons. Five in silico tools demonstrated the ability to distinguish rare patient-derived from control-derived variants in the 21 patient-enriched exons. Interestingly, only the CADD, MutationAssessor, and Sorting Tolerant From Intolerant algorithms were able to distinguish the variants localizing to the other 84 exons. Despite the ability to statistically distinguish patient-derived from controlderived variants, the in silico tools did not provide enhanced interpretation largely because of the high rate of pathogenicity predictions for variants identified in the ExAC exomes. For the strong cases within the identified 21 exons, the EPV rose to 99 (98-99) when the CADD algorithm predicted pathogenic, but was still 95 (90-98) when the CADD algorithm predicted nonpathogenic. Similarly, outside these 21 exons, the EPVs were 79 (37-92) and 57 (0-86) in the strong cases when CADD predicted pathogenic or nonpathogenic, respectively. Sensitivities and specificities for each tool are shown in Figure IV in the Data Supplement.
DISCUSSION
CPVT is often considered the most lethal of the cardiac channelopathies and as such has been shown to be responsible for a portion of sudden cardiac death. 2 Tragically, syncope or sudden cardiac death is the sentinel event in many CPVT cases and this often occurs in the young. 2, 15 This high lethality demands the early identification of at-risk individuals. However, in consideration of the normal ECG and echocardiograms, the rarity of the disorder, and the presenting symptom of syncope (a symptom with many causes 16 ), the diagnosis of CPVT can be difficult. These mounting challenges toward the diagnosis of CPVT are indicated by a detrimental delay in the diagnosis for this highly lethal disorder. 17, 18 In 2001, the identification of mutations in RYR2 as a pathogenic cause for CPVT provided physicians with a much-needed tool for the diagnosis of at-risk individuals. 19, 20 Subsequent studies identified ≈60% of CPVT cases host a putative pathogenic variant. 21 Given the critical role of the cardiac ryanodine receptor in cardiomyocytes, early testing assumed all rare variants in RYR2 would be pathogenic. Although early testing defined rarity as absence in 50 to 400 controls, 8 the release of large genetic repositories such as the 1000 Genome Project and the National Heart, Lung, and Blood Institute Exome Sequencing Project revealed a larger than expected burden of rare, and likely benign, variants in many of the genes associated with cardiac channelopathies. Despite this identification in the other cardiac disease-susceptibility genes, RYR2 continued to be considered largely intolerant to rare benign variation. This ideas was supported by a high z score and a probability of being loss-of-function intolerant value of 1 from ExAC for RYR2, suggesting a low tolerance to change. 22 Thus, despite an identified 3% background rate, the Heart Rhythm Society/European Heart Rhythm Association Expert Consensus Statement recommended genetic testing for any patient in whom a cardiologist has established a clinical index of suspicion for CPVT 7 and declared that CPVT is diagnosed in patients (index case or family member) who have a pathogenic mutation. 23 Further highlighting the presumed pathogenicity of rare RYR2 variants, the American College of Medical Genetics and Genomics included RYR2 in their list for recommended reporting of secondary findings regardless of pretest clinical presentation. 24 In this setting, this study examined the results among patients referred for commercial RYR2 genetic testing. Given the diagnostic potential for genetic testing, it is expected that the genetic test among referrals may not reach yields identified in irrefutable cases because of varying phenotypic certainty among submitted samples. To Number of patient-derived or control-derived rare RYR2 variants predicted pathogenic by each in silico algorithm (percentage indicated in parenthesis). The All Exons column indicates values for all variants identified throughout RYR2 105 translated exons. All patients variants were combined for this analysis as no difference in predictions was identified between patient cohorts (Table VII in this end, previous reports have shown a ≈50% reduction in yield for patients referred for long-QT syndrome and hypertrophic cardiomyopathy genetic testing compared with definitive cases. 25, 26 The yield among referrals for the CPVT genetic test in this study was found to be only 18.2%, representing a 70% reduction from the 60% yield expected among definitive CPVT cases. We additionally found that the RYR2 referral yield has decreased over the life of the test, with the latest patients having only a 9.7% yield, and the age at genetic testing correspondingly has increased, which likely represents an increased utilization of the RYR2 genetic test among patients with weaker and weaker phenotypes. The increased use in patients with low pretest probability likely reflects the clinical diagnostic difficulties of CPVT and the perpetuated strength of the RYR2 genetic test, as highlighted in the most recent guidelines. Although the 3% background rate was largely inconsequential compared with a 60% yield in robust cases, the increasing use of the test in weak cases makes the 3% background rate become a major issue that must be taken into account.
As incorrect interpretation can lead to overzealous treatment, undue stress, and risk for the patient, 8 the correct interpretation is of the utmost importance. Although the 60% yield, cited in the literature for the RYR2 test, would suggest a 1:20 FDR when compared against the 3% background rate and would warrant the strong diagnostic interpretation suggested by the consensus statement, it is clear that this yield and its accompanying signal-to-noise characteristics is only achieved when the diagnosis of CPVT clinically is definite. In the cases without CPVT hallmark arrhythmias, the yield of the genetic test is nearly halved resulting in a ≈1:10 FDR. The yield is further reduced when considering the case yield because of the inclusion of the 36 ORVs. Removal of these ORVs results in a 1:3 to 5 FDR (20% to 33% chance) for the next novel rare variant in a case with only a clinical suspicion of CPVT. This issue of ORVs is likely present in most of the cardiac disease-susceptibility genes as it was shown recently in hypertrophic cardiomyopathy that ORVs account for only a small percentage of the variants identified but contribute to nearly 50% of genetically positive cases. 12 Therefore, the 1:3 to 5 FDR challenges the strong guidelines statement that suggests CPVT is diagnosed in patients (index case or family member) who have a pathogenic mutation. 23 Given the lacking definition of pathogenic and the presumed pathogenicity of rare RYR2 variants, the two consensus statements become in direct contrast as the present study clearly shows that the presence of a rare variant (excepting 1 of the 36 ORVs) is not self-sufficiently diagnostic of CPVT.
To improve the FDR, one could limit RYR2 genetic testing to only those patients presenting with the characteristic stress-induced bidirectional or polymorphic tachycardia. Unfortunately, this would severely limit the potential diagnostic use of the test, especially when considering the heterogeneity found in RYR2 variantpositive patients. 27, 28 Furthermore, RYR2 has been implicated in atrial fibrillation, arrhythmogenic right ventricular dysplasia/cardiomyopathy, and idiopathic ventricular fibrillation suggesting that RYR2 genetic testing could be used across a broader clinical phenotype than classical CPVT. However, the interpretability in these disorders is nearly impossible because of the low yield of variants in each disorder. This suggests that rather than restricting the genetic test, it is important for physicians to be trained in genetic test interpretation and the vital role that clinical phenotype plays in this process, as highlighted by a recent editorial, 29 especially when considering the increasing utilization of genetics in the clinic and the push toward precision medicine. This phenotypic consideration becomes even more important considering the inclusion of RYR2 on molecular autopsy gene lists 30 and the American College of Medical Genetics and Genomics recommendations for reporting of incidental findings 24 in RYR2 even when there is a nonexistent or a very low pretest probability. Although the RYR2 genetic test has been considered one of the most robust cardiac genetic tests, the insights from this study clearly show that these assumptions have resulted in a potential over-reliance on the genetic test for a difficult disease to diagnose and these assumptions may in fact not hold true.
Recent advances in sequencing technology have enabled an expansion of the RYR2 genetic test from a targeted test to now including the entire coding region. However, this expansion has not enhanced the yield in cases, but rather has inflated profoundly the confounding background noise. Similarly, this issue has also been shown in hypertrophic cardiomyopathy and Brugada syndrome where the expansion of the test panel to include all of the minor disease-susceptibility genes has largely led to an increase in the number of uninterpretable variants. 30, 31 Here, we leveraged population-based data to complement prior work on RYR2 hotspots by conducting exon-specific enrichment analyses, identifying 21 specific exons of RYR2 (exons 3, 8, 14, 43, 47-49, 81, 83, 88-90, 93, 95, 97-101, 103, 105) that host an overrepresentation of patient-derived variants. Given the data calling into question the evidence for some of the minor exons in RYR2, the pathogenic role of variants localizing to one of these 84 exons must be approached with extreme caution and would need substantial additional evidence to be considered clinically pathogenic especially without definitive clinical evidence of CPVT.
Although molecular biology approaches remain the gold standard for the elevation or demotion of a putative pathogenic variant, the plausibility of testing the gamut of mutations present in a gene as large as RYR2 is quite low. Currently, <15% of the nearly 200 identified patient-derived variants have been characterized functionally. 28 Because of their quick analysis capabili-ties and the low costs associated with bioinformatics analyses, in silico phenotype prediction tools represent an attractive solution to this problem. Recent studies have suggested that these in silico tools could be used to improve the interpretation of rare RYR2 variants in CPVT. 32, 33 While promising, neither of these studies accounted for the clustering of patient-derived variants to particular regions of the protein. Therefore, one has to question whether the tools could accurately predict pathogenicity within and outside of the critical regions.
Unfortunately, whereas in silico tools were able to identify many of the patient-derived variants as pathogenic; ≈50% of rare control variants were also declared as likely pathogenic. Ultimately, it was noted that the burden of false positives identified by in silico tools made it unfit to elevate the EPV for novel patient variants, but had potential value in demoting certain variants. Thus, with appropriate clinical correlation such a variant could be considered benign. This is an important recognition that allows interpretation of genetic testing to be more sensitive and specific while preserving patients and their families from the burden of underand overtreatment. Importantly, the recent recommendation from the American College of Medical Genetics suggests the use of multiple in silico tools. 34 
Limitations
There are several limitations in this case-control study. Our study relies on the assumption that the variants originating from controls are benign and the patientderived variants are pathogenic. Unfortunately, because of the complex nature of CPVT diagnosis and the lack of cardiac evaluation before enrollment in any of the control cohorts, it is possible that a small number of pathogenic variants may have been classified as background noise incorrectly. However, based on the very low prevalence of RYR2-mediated CPVT, it is expected that there are at most 6 to 7 CPVT-causing RYR2 mutations in the over 60 000 control individuals included in this study. Although we chose to use an MAF threshold of 0.01% to be inclusive of all potentially pathogenic variants, an even more stringent MAF threshold could be used.
Although the referral cohort patients were sent for genetic testing by a physician based on some level of suspicion for the disease, no phenotypic requirements were made for inclusion in the study. Therefore, it is likely that a portion of the referral group in fact did not have CPVT. Again, this would result in the EPVs being conservative underestimates of pathogenicity. For the topology estimates, the inclusion of the referral group is warranted as it should be more difficult to find overrepresentation within this cohort but any region rising above the noise in this cohort can be considered valid and would likely be recapitulated by a similar sized cohort of cases exhibiting compelling evidence to support their CPVT diagnosis. Similarly, this would apply to the inclusion of the referral cohort variants in the in silico analysis. Although significant findings using the referral cohort are likely valid, there is a real chance of missing relevant associations; however, the utilization of the phenotyped cohorts attempts to alleviate some of these potential misses.
Conclusions
With increased availability of genetic testing, there has been increased utilization of genetic testing in cases of questionable clinical strength, potentially leading to incorrect diagnoses and overzealous treatment, undue stress, and risk for the patient. As genetic testing is further integrated into clinical practice, it is imperative that we are fully informed when interpreting the results of genetic tests. It is clear that, despite recommended testing for suspected CPVT cases, a rare RYR2 variant is not pathognomonic for CPVT, especially when the rare RYR2 variant resides outside of the RYR2 21 exons that are enriched with CPVT-susceptibility variants. By ensuring appropriate clinical workup and considering disease appropriate factors, we can eliminate a significant amount of the uncertainty associated with the results. With increasingly evident background variation in many disease-susceptibility genes, these approaches have a significant impact on improving yield and reducing FDRs of genetic testing. Furthermore, for those patients who are referred for genetic testing, the localization of a variant to one of the 21 higher probability exons (exons 3, 8, 14, 43, 47-49, 81, 83, 88-90, 93, 95, 97-101, 103, 105) can be extremely informative as to whether it is disease causing. In addition, in silico tools must be used with extreme caution taking into account the extremely high level of false positives. 
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